Effect of the band structure of InGaN/GaN quantum well on the surface plasmon enhanced light-emitting diodes
Monolithic integration of enhancement-mode vertical driving transistors on a standard InGaN/GaN light emitting diode structure In this letter, monolithic integration of InGaN/GaN light emitting diodes (LEDs) with vertical metal-oxide-semiconductor field effect transistor (VMOSFET) drivers have been proposed and demonstrated. The VMOSFET was achieved by simply regrowing a p-and n-GaN bilayer on top of a standard LED structure. After fabrication, the VMOSFET is connected with the LED through the conductive n-GaN layer, with no need of extra metal interconnections. The junction-based VMOSFET is inherently an enhancement-mode (E-mode) device with a threshold voltage of 1.6 V. By controlling the gate bias of the VMOSFET, the light intensity emitted from the integrated VMOSFET-LED device could be well modulated, which shows great potential for various applica- InGaN/GaN light emitting diodes (LEDs) have been used extensively in backlight units, automobiles and general illumination due to their high luminous efficacy and extremely long lifetime compared to traditional light sources.
1,2 Meanwhile, GaN-based transistors for power switching and RF applications have received remarkable research interests in recent years because of their superior properties, such as large breakdown voltage, fast operating speed, low power loss, and high temperature duration. [3] [4] [5] Sharing a common material platform, GaN-based LEDs and on-chip driving electronics can be monolithically integrated to yield a compact smart-lighting system, potentially for many applications such as solid-state lighting, micro-displays, and visible light communications (VLCs). [6] [7] [8] The advantages include improved performance, enhanced reliability, reduced form factor, and parasitics, leading to lower overall cost.
Previously, monolithic integration of GaN-based LEDs with on-chip driving transistors was demonstrated by our group 9 and others 10,11 using either selective epi growth (SEG) or selective epitaxial removal (SER) methods. However, in those integration schemes, the transistors were mostly depletion-mode (D-mode) devices with lateral configurations. In practical applications, enhancement-mode (E-mode) transistors are always preferred, because they can simplify the driving circuits with a single-polarity voltage supply and improve the reliability of the whole system. Very recently, vertical metaloxide-semiconductor field effect transistors (VMOSFETs) with high breakdown voltage and low specific on-resistance (R on,sp ) have been demonstrated using a free-standing GaN substrate for power switching applications. [12] [13] [14] These VMOSFETs are typically E-mode devices. Moreover, when compared with lateral devices, VMOSFETs are more suitable for integration with LEDs since they share similar junction-based vertical structures.
In this letter, we demonstrate the monolithic integration of InGaN/GaN LEDs with vertical driving MOSFETs. By regrowing a simple p-and n-GaN bilayer on top of the standard LED diode structure, an n/p/n structure was formed for VMOSFET fabrication. The demonstrated VMOSFET features a relatively high positive threshold voltage of 1.6 V. The serially connected VMOSFET-LED device emits blue light that can be efficiently modulated by gate biasing of the VMOSFET. This integrated device offers an alternate choice for potential future deployment of integrated miniature smart-lighting systems. . To create a regrowth mask, 200 nm SiO 2 was deposited on the LED wafer by plasma enhanced chemical vapor deposition (PECVD) and then patterned using buffered oxide etchant (BOE). The regrowth mask covered half of the 2-in. LED wafer. Afterwards, the regrowth of a p-and n-GaN bilayer was carried out on the exposed region to form an n/p/n structure for the VMOSFETs. Trimethylgallium (TMGa) and ammonia (NH 3 ) were used as precursors for Ga and N, respectively. The p-GaN layer was 370 nm thick with a Mg dopant concentration of around 3 Â 10 19 cm
À3
, while the 200 nm n-GaN layer had a two-step doping profile (Si dopant concentration: $1 Â 10 19 cm À3 for the first 180 nm and up to 5 Â 10 19 cm À3 for the remaining 20 nm). After regrowth, the total thickness of the p-GaN layer was 500 nm. Atomic force microscopy (AFM) was carried out to investigate the surface morphology evolution. Fig. 2 shows the AFM images of the sample before and after regrowth with a scanned area of 10 Â 10 lm 2 . The root mean square (RMS) roughness was 5.8 nm for the as-grown LED surface, while it was reduced to 0.8 nm after regrowth of the bilayer GaN and well-aligned step flow patterns were observed. The improved surface morphology was mainly attributed to the alleviated growth temperature, from 985 C for p-GaN to 1080 C for n-GaN. Higher temperature increased the Ga atoms' diffusion length during the growth, leading to smoother surface morphology. Fig. 3 compares the normalized photoluminescence (PL) spectra measured from exactly the same region of the LED part on the wafer before and after regrowth, where the SiO 2 regrowth mask was completely removed using BOE. The PL peak intensity was only decreased by about 7% after the regrowth, indicating no significant degradation in optical properties of the LED's MQWs.
After completely removing the SiO 2 regrowth mask by BOE, mesa isolation etching for both the LEDs and VMOSFETs was performed using a Cl 2 -based inductively coupled plasma (ICP) etch. Then, gate trenches for the VMOSFETs were created by ICP etch. After that, a rapid thermal annealing (RTA) was performed at 800 C for 1 min in a N 2 ambient to activate the p-GaN layer, resulting in a hole concentration of around 1 Â 10 17 cm
. A 50 nm Al 2 O 3 was then blanket deposited by atomic layer deposition (ALD), serving as the gate dielectric for the VMOSFETs. After selective removal of the Al 2 O 3 in the LED region, a current spreading layer was formed by e-beam evaporation of Ni/Au metal followed by RTA in an atmospheric ambient at 570 C for 5 min. 15 Subsequently, a multi-layer metal stack Cr/Al/Ti/Au was evaporated, after opening the contact holes by BOE, to form both the n-electrodes for the LEDs and the source Ohmic contacts for the VMOSFETs. Finally, the Ni/Au gate metal for the VMOSFETs was deposited.
As shown in Fig. 1 , the connection between the LED and VMOSFET was realized by sharing the highly doped bottom n-GaN layer. It was found that metal-to-GaN contact resistances dominate the overall parasitic resistance of the interconnection between the integrated LED and transistor. 16 Therefore, a significant reduction in parasitic resistance is expected using the same scheme in this study by eliminating the extra metal interconnections. In addition, due to the elimination of two metal-to-GaN contacts between the LED and VMOSFET, the chip area could potentially be saved. Fig. 4 shows an optical micrograph of the fabricated monolithic VMOSFET-LED device that emitted blue light, with its circuit diagram shown in the inset. The circular shaped LED exhibited a good uniformity of light emission with a wavelength of around 430 nm. The LED's n-electrode also serves as the drain electrode for the VMOSFET, so the LED and VMOSFET could be characterized separately. LEDs. The diameter of the LED mesa is 300 lm. When compared with the stand-alone reference LED that was from another individual LED chip fabricated using an identical epitaxial structure and a standard LED process, no obvious performance degradation was found in the integrated one, suggesting the high compatibility of the integration process in our study.
The output characteristics of the individual VMOSFET and the integrated VMOSFET-LED device are plotted in Fig. 6 . The threshold voltage of the fabricated VMOSFET was þ1.6 V. The maximum output current density of the VMOSFET was 118 A/cm 2 at V DS ¼ 10 V and V GS ¼ 10 V. The I-V curve of the integrated VMOSFET-LED device (measured between the S and P nodes in Fig. 1 ) shifted towards a positive voltage by around 3 V compared with that of the individual VMOSFET, which resulted from the turnon voltage of the serially connected LED. The non-saturated drain current could be explained by the low hole concentration of the thin p-GaN channel layer ($500 nm), which was easy to deplete due to the highly doped n-GaN drain layer underneath. This phenomenon could be mitigated by inserting a layer of less-doped n-GaN between the MQWs and the bottom n-GaN layer to modify the junction as has been done in LED technology. 17 Correspondingly, the blocking capability of the VMOSFET would be enhanced as well.
The VMOSFET in this work showed a relatively low output current density, as compared to the reported results in the literature. 12, 13 It is worth noting that our VMOSFET layout is circular in shape, with a diameter of 37 lm. This layout had a relatively low channel density, i.e., the ratio of gate width to device area (W g /S), of only around 0.045 lm
À1
(193 lm/4300 lm 2 ), which significantly limited the device output current density. Also, the dry etch induced damage to the side-wall channel might degrade the channel electron mobility and therefore the output current density. 14 improvement of the output current density for the integrated VMOSFETs could be achieved by optimizing the device layout and trench etching techniques. Using polygonal cells to increase the channel density and a tetramethylammonium hydride (TMAH) wet etching to smoothen the channel surface as suggested in Refs. 13 and 18 are viable options. With supply voltage (V DD ) and gate modulation voltage (V GS ) applied to the integrated VMOSFET-LED device, as shown by the circuit configuration in the inset of Fig. 4 , the device emitted modulated blue light ($430 nm) by gate biasing. Fig. 7 presents the LOP density of the integrated VMOSFET-LED device versus the applied voltage. The electroluminescence (EL) spectra of the integrated device with a fixed V DD but various V GS are shown in the inset of Fig. 7 . It can be seen that the LOP of the integrated LED could be effectively modulated by the gate biasing of the VMOSFET. Nevertheless, in this first demonstration, the channel density of the VMOSFET and the layout of the integrated devices are yet to be optimized. Further improvement is needed in our future mask design.
Monolithic integration of InGaN/GaN LEDs with Emode vertical driving MOSFETs has been developed based on a standard LED epitaxial structure. The integration approach and the performances of the integrated devices have been described in detail. This work, offering an alternate driving circuit design option, represents a major step toward the development of full-GaN miniature smartlighting systems for a wide range of applications.
